Introduction
A hybrid zone is a region where two taxa meet, mate and leave hybrid offspring. These 'natural laboratories' allow us to study evolutionary agents, gene-flow barriers and the genetic divergence underlying them (Barton and Hewitt, 1985; Hewitt, 1988) .
Two subspecies of the meadow grasshopper Chorthippus parallelus that arose in allopatry, C. parallelus parallelus (Cpp) and C. parallelus erythropus (Cpe), form a secondary hybrid zone in the Pyrenees. These grasshoppers diverged as a result of the geographic isolation that existed during and after the last Ice Age, before the ice finally disappeared from the mountain passes. Cpp is widely distributed throughout most of continental Europe, but in the Iberian Peninsula it is replaced by the endemic Cpe, which exhibits morphological, ethological, chromosomal and molecular peculiarities (reviewed in Shuker et al., 2005a) .
The ecological requirements of these grasshoppers constrain their habitat to alpine-like prairies and this restricts their distribution in the Iberian Peninsula to the northern third and to certain mountain regions. The two subspecies meet and hybridize in transverse Pyrenean valleys, such as the Vall d'Ossau-Valle de Tena, in which contact between the endemic Iberian and the continental subspecies is possible.
Many studies have showed clines in this hybrid zone of morphological, ethological, chromosomal and molecular markers that differentiate the subspecies (Butlin and Hewitt, 1985a, b; Gosálvez et al., 1988; Ritchie, 1990; Cooper et al., 1995; Lunt et al., 1998; Ibrahim et al., 2002; Bella et al., 2007) . Furthermore, laboratory crosses between these subspecies produce male F1 hybrids that are sterile, exhibiting testicular dysfunction and meiotic anomalies (Hewitt et al., 1987; Bella et al., 1990; Virdee and Hewitt, 1994; Shuker et al., 2005b) . These observations are consistent with an explanation of selection against natural hybrids, suggesting that this hybrid zone is a tension zone.
In this study, we describe the presence of a new factor that may be relevant to the origin, dynamics and maintenance of this hybrid zone. The genus Wolbachia (Hertig and Wolbach, 1924 ) is one of a group of alpha proteobacteria belonging to the order Rickettsiales. They have a strictly intracellular lifecycle and have been detected in a wide range of arthropods and nematodes (Jeyaprakash and Hoy, 2000; Hilgenboecker et al., 2008) . They infect the germinal cell line by vertical transfer through a pattern of mainly maternal inheritance. Several different supergroups (clades A-H) have been defined on the basis of differences in various genes, such as 16S rDNA, ftsZ, wsp, and so on (Werren et al., 1995; Baldo et al., 2006) . These bacteria have been associated with certain reproductive disorders induced in parasitized arthropods (Werren, 1997; Weeks et al., 2002; Serbus et al., 2008) and with effects of Wolbachia strains that have a mutualistic lifestyle in nematodes (Bandi et al., 1999; Langworthy et al., 2000; Casiraghi et al., 2002) as side effects of their maintenance and transmission in populations. These disorders involve male feminization, parthenogenesis induction, male killing and cytoplasmic incompatibility (CI), the latter being the most common reproductive disorder in insects induced by Wolbachia. It is manifested as the reduction in the number of viable descendants from crosses between infected males and uninfected females, or between individuals infected by different strains (unidirectional and bidirectional CI, respectively) . This may generate a significant reproductive barrier underlying the origin, maintenance and/or reinforcement of genetic differences among host subpopulations. This situation has led to a controversial model of Wolbachia-assisted speciation being proposed (Werren, 1998; Bordenstein, 2003; Telschow et al., 2005) . The general assumption is that Wolbachia cannot be the primary cause of speciation events. However, there is recent strong evidence in Nasonia that reproductive isolation between its species is driven by Wolbachia (by bidirectional CI), mediated by some nuclear-cytoplasmic incompatibilities. Nevertheless, this evidence does not rule out the possibility that other preand post-zygotic isolation mechanisms also operate in this wasp (Gadau et al., 1999; Bordenstein et al., 2000; Beukeboom and van den Assem, 2001 ). This suggests that this alternative model of speciation should be examined in other well-studied complex systems, such as that of C. parallelus. The initial steps would involve establishing whether Wolbachia infection is present in populations inside and outside the hybrid zone, then examining whether they show similar levels and types of infection (which would indicate an analogous influence of the bacterium in all of them, and would discount any specific influence in the hybrid zone) and ruling out differences between the sexes and other factors that may mask the real influence of Wolbachia. Should differences among populations be found and potential confounding variables be assessed and discounted, further experiments would be required to test the role played by Wolbachia as a reproductive barrier and a speciation agent.
In this preliminary study, we describe B/F supergroup Wolbachia infection in C. parallelus and report differences between Cpp and Cpe populations, which have, respectively, low and high incidences of infection. The incidence of Wolbachia types differs between subspecies: the B supergroup is better represented in Cpp, whereas the F supergroup is widespread in Cpe. These differences generate a cline of infection through the Pyrenean hybrid zone, which we have described here. We have also been able to distinguish three patterns of infection: (i) northern: typically of Cpp and northern populations of the hybrid zone; (ii) southern: characteristic of Cpe populations and the southern edge of the hybrid zone; (iii) Sallent de Gállego: apparently a consequence of the contact between (i) and (ii) in the Pyrenees, and named after the location of the population in which it was first observed. Considering Wolbachia infection in the context of earlier studies of the C. parallelus hybrid zone leads us to propose that Wolbachia may be an important factor in the hybrid zone that structures populations and affects gene flow between subspecies.
Materials and methods
Sampling and DNA isolation A 25-km transect across the entire width of the hybrid zone, running north-south through the Vall d'Ossau (France)-Valle de Tena (Spain) in the central Pyrenees, was selected for the study. Nine populations were sampled at points along the transect: Gabas, L'Hermine, Refugio, Tourmont, Cabane de l'Araille, Portalet, Corral de Mulas, Sallent de Gállego and Escarrilla. The population at Gabas, at the northern limit of the hybrid zone, is considered as pure Cpp (that is, the European continental subspecies of C. parallelus), while that at Escarrilla, at the southern limit, is comprised of pure Cpe (the endemic Iberian subspecies of C. parallelus). The mountains on either side of the valley exceed 2000 m, preventing the immigration of grasshoppers from neighbouring valleys. Other collection sites situated at various distances from the hybrid zone, towards the north or south of Europe, are considered as reference populations (Figure 1 ). Some populations were collected in more than 1 year to assess the infection over time. Otherwise, sampling effort was shared more broadly but less intensively among other populations in order to establish the cline from more points through the hybrid zone, which was the main aim of this research, or to determine the type of infection present in remote sites. Approximately 4700 individuals were analysed, similar proportions of males and females being collected from each population (see Tables 1 and 2 for sample sizes and locations).
The gonads were extracted and preserved in ethanol at À20 1C until independent processing with the standard phenol-chloroform procedure for DNA isolation. The DNA was precipitated with ethanol and resuspended in TE buffer (Tris-HCl 1 mM, pH 8.0; EDTA 1 mM, pH 8.0), and then treated with RNAse H for 1 h at 37 1C.
PCR amplification, sequencing and phylogenetic analysis
We used the PCR to detect the presence of Wolbachia in C. parallelus. PCR was carried out with specific primers that amplify a fragment of B1400 bp from the 16S rDNA bacterial gene (Giordano et al., 1995) . Each reaction mixture contained 200 ng extracted DNA, 5 ml reaction buffer, 1.5 mM MgCl 2 , 0.2 mM dNTPs (each nucleotide), 30 pmol each primer and 1 U Taq DNA polymerase in a 50-ml final volume. PCR cycling conditions consisted of 3 min at 95 1C, followed by 30 cycles of 30 s at 95 1C, 1 min at 54 1C, 2 min at 72 1C and a final cycle of 10 min at 72 1C.
A total of 50 amplified fragments from six representative populations (England, Arudy, Gabas, Portalet, Escarrilla and Navafría) were purified on columns (GFX PCR DNA Purification Kit, Amersham Biosciences, Freiburg, Germany) and sequenced using an Applied Biosystems 3730 Analyzer (Applied Biosystems, Foster City, CA, USA). Forward and reverse sequences were aligned in ClustalX 1.83 (Thompson et al., 1997) and the alignment manually inspected. Six variants of the bacterial gene were identified and deposited in GenBank (accession numbers: FJ438533, FJ438534, FJ438535, FJ438536, FJ438537 and FJ438538) . Searching for homologous sequences in BLAST returned other Wolbachia 16S rDNA fragments, some of which (Table 3) were used for the phylogenetic analysis. With the 20 previously published sequences and the six sequences described here, an alignment of 1208 bp was obtained after removing non-overlapping tails in order to obtain similar fragment lengths.
The topology of the phylogenetic tree was constructed by Bayesian inference using the MrBayes 3.1 program (Ronquist and Huelsenbeck, 2003) . The HKY þ G model Wolbachia infection of C. parallelus populations M Zabal-Aguirre et al of sequence evolution was selected using hierarchical likelihood ratio tests available in the Modeltest 3.7 program (Posada and Crandall, 1998) . The two independent runs performed, each with four chains, reached convergence of the split frequencies after 200 000 generations. Trees were sampled every 100 generations, giving a total of 4000 trees. The first 500 (25%) trees produced in each run were discarded as burn-in, leaving 3000 trees from which to estimate the 50% majority rule consensus and the Bayesian posterior probabilities.
Determination of infection frequencies
Our previous phylogenetic analysis indicated the existence in our populations of bacteria belonging to the B and F supergroups of Wolbachia; therefore, we adopted a nested PCR approach to determine accurately the infection frequencies of Wolbachia in C. parallelus populations. Nested PCR was performed with the aforementioned specific external primers. The products of general PCR were subjected to a second round of amplification with specific internal primers. This two-part specific amplification approach is useful for detecting Wolbachia endoparasites because it improves specificity and avoids false negatives arising from low bacterial density. The combination of F6 (5 0 -GTGAAGAAGGCCTTTGGGTTG TA-3 0 ) and R10B (5 0 -GATTAGCTTAGGCTTGCGCACC-3 0 ) oligomers enables B supergroup strains to be amplified, whereas the F6 and R11F pair (5 0 -GATTAGCTTAGCC TCGCGACTT-3 0 ) detects F supergroup bacteria. These Wolbachia infection of C. parallelus populations M Zabal-Aguirre et al two combinations result in an approximately 850-bp fragment length and enable B and F supergroup infections to be discriminated. The reaction conditions were largely the same as those outlined above except that 1 ml PCR product was added instead of 200 ng DNA. The PCR cycling conditions consisted of 3 min at 95 1C followed by 30 cycles of 30 s at 95 1C, 1 min at 61 1C, 1 min at 72 1C, and a final cycle of 10 min at 72 1C. In addition, the procedure was tested with closely related bacteria, such as Rickettsia sp., Rhizobium sp., Pseudomonas fluorescens, Escherichia coli, as well as chicken, turkey and human DNA, none of which yielded positive results. In all cases and analyses, PCR was performed with a known infected DNA sample as a positive control and water as a blank.
Statistical analyses Differences in infection between sexes:
The incidence of infection in males and females was compared in each of the 45 samples by analysing the cross-tabulated frequencies of sex (male/female) by infection category (uninfected/B-infected/F-infected/co-infected). Likelihood ratios were calculated on the basis of these tables using the G-test. As 45 tests were carried out, we applied a Bonferroni correction. In this way, at the experimentwide 95% confidence level, the critical probability for rejecting the null hypothesis in an individual test was set at a ¼ 0.001.
Temporal differences in the infection of populations:
The homogeneity of the infection frequencies over four generations (2002) (2003) (2004) (2005) (2006) was examined by analysing the cross-tabulated frequencies of the four categories of infection observed in a population over distinct sampling years. Once again, likelihood ratios were calculated using the G-test.
Determining the different patterns of infection: A hierarchical cluster analysis was carried out in which the 45 samples in this study were considered independently of their site of origin and year of sampling. To this end, a distance matrix was constructed with the values of w 2 obtained for each possible pair of samples using the frequencies of the infection categories found in each sample. Applying the furthest-neighbour method (among others) to this matrix, a dendrogram was generated from which we identified the various possible groupings. To take into account the possible undesirable influence on the results of some small sample sizes, the analysis was repeated excluding those with fewer than 40 or 80 individuals. Outcomes were not substantially altered, and so it is most informative to include all samples in the analyses reported here. Non-parametric tests (Kruskal-Wallis test and Mann-Whitney U-test) were used to compare the distribution of proportions of each infection category (uninfected, B-infected, F-infected and co-infected) between the patterns described below (see the Results section). Once again, the exclusion of small samples produced no substantial differences in the results and these have therefore been retained.
All statistical procedures were carried out using SPSS 15.0.
Results
Wolbachia strains in C. parallelus We detected six 16S rDNA variants in C. parallelus (wCpar_01, wCpar_02, wCpar_03, wCpar_04, wCpar_05 and wCpar_06). They featured 52 variable positions over 1305 bp that allowed them to be grouped into two sets, the first including wCpar_01 and wCpar_02, with only two variable positions, and the second including wCpar_03, wCpar_04, wCpar_05 and wCpar_06, with 13 variable positions. There was more than 99% homology within groups, but sequence similarity was o97% between groups.
The Bayesian inference tree based on the 1208-bp alignment obtained with published sequences and our sequences showed that wCpar_01 and wCpar_02 variants belong to the B supergroup, whereas wCpar_03, wCpar_04, wCpar_05 and wCpar_06 are included in the F supergroup (Figure 2 ) (see Werren et al., 1995; Lo et al., 2002; Serbus et al., 2008) . The Bayesian posterior probabilities of these results are 100 and 80-87% for the B and F supergroup nodes, respectively. The topology is consistent with that of previous phylogenies (Lo et al., 2002) .
Wolbachia infection in C. parallelus All the populations of C. parallelus analysed in this study were infected with Wolbachia, although there were differences in infection type and incidence between northern and southern populations. Northern European locations had a low incidence of infection, whereas most The names of taxa are those of the host. wCpar: Wolbachia strains infecting C. parallelus found in this study.
Wolbachia infection of C. parallelus populations M Zabal-Aguirre et al grasshoppers in Spanish populations carried Wolbachia. Through the hybrid zone, there was a north-south gradient from low to high levels of infection (Figure 1 ). The infection type and frequencies in populations outside the hybrid zone are shown in Table 1 . There was no population without some kind of Wolbachia infection, and it was also possible to find variable proportions of individuals co-infected with B and F bacterial supergroups. This allows individuals to be classified in one of four infection categories: uninfected, B-infected, F-infected and co-infected. Infection is widespread in Cpe populations, where most of the samples featured 76-100% infected individuals. However, this percentage was o43% in all Cpp locations except for England, where 60% of the individuals were infected. Iberian populations were mainly infected by F supergroup strains; 1.5-15 times as many individuals harboured these bacteria as did those of the B supergroup. In contrast, Cpp locations featured individuals that were equally or up to three times as likely to harbour B supergroup strains as F supergroup bacteria. Our results do not allow us to confirm the independence of infection by the two Wolbachia strains. In general, there was a higher rate of co-infection overall than would be expected from the separate frequencies of B and F infection, although this pattern was not seen in all years or in all the populations considered.
We checked for differences in the incidence of infection between the sexes in all 45 samples included in this study (Tables 1 and 2 ). There were no statistically significant differences between the sexes in any sample except for those from Portalet (2002) and Sallent de Gállego (2006) (G ¼ 16.08, d.f. ¼ 2, Po0.001; G ¼ 15.52, d.f. ¼ 2, Po0.001, respectively). In both cases, these differences consisted of a lower than expected incidence of B infection and an excess of uninfected males with respect to females.
Some representative populations inside and outside the hybrid zone were monitored in consecutive years from 2002 to 2006 (Tables 1 and 2 ) in order to detect annual variation in infection frequencies. With the exception of the Sabiñ ánigo population, where the F infection was almost universal, all populations exhibited statistically significant differences between years, Figure 2 Unrooted phylogenetic tree based on 16S rDNA gene of Wolbachia, derived using the Bayesian inference method. The letters A-F indicate supergroups and the numbers are the Bayesian posterior probabilities. The names of taxa are those of the host and are accompanied by the accession number of their bacterial 16S rDNA sequences. wCpar and Wolbachia strains of C. parallelus found in this study.
Wolbachia infection of C. parallelus populations M Zabal-Aguirre et al characterized by erratic rises and falls, rather than any consistent trend. In spite of infection heterogeneity between years, there were no infection differences between the first and the last year in the extremes of the hybrid zone after four generations (Gabas:
However, there were differences in intermediate populations during the same period (Portalet: G ¼ 18.87, d.f. ¼ 3, Po0.001; Sallent de Gállego: G ¼ 15.80, d.f. ¼ 3, Po0.001). We inspected the adjusted standardized residuals of the contingency cross-tabulations to determine which infection category contributed most to the significant differences within each population and its direction. The proportion of uninfected individuals increased by 17.2% between the first and fourth years of sampling in Portalet, whereas that of co-infected individuals decreased by 9.9% in the same population. In Sallent de Gállego, individuals harbouring both strains became proportionally more common (an increase of 14.2%) over the 4 years of sampling, whereas the incidence of F infection decreased by 11.3%.
Patterns of Wolbachia infection and their spatial distribution
The different infection frequencies between and within populations prompted us to conduct a blind analysis in order to classify independently all the 45 samples collected over the years according to their infection category frequencies. We carried out a hierarchical cluster analysis, generating a distance matrix for all possible sample pairs and a dendrogram was produced (Figure 3) . It was possible to distinguish three clusters corresponding to different infection patterns. Differences between samples pooled in the three groups (G pooled ¼ 2520.903, d.f. ¼ 6, Po0.001) accounted for 74.7% of the total entropy observed across all samples (G total ¼ 3376.757, d.f. ¼ 132 Po0.001), whereas heterogeneity within clusters (G heterogenity ¼ 855.855, d.f. ¼ 126, Po0.001) accounted for only 25.3% of the total differences among sample distributions. Indeed, non-parametric analysis of variance showed differences between the three patterns in ranked proportion for all infection classes (Kruskal-Wallis test: uninfected,
Populations sampled in several years were always classified in the same cluster irrespective of the sampling year. One cluster included populations from the north of Europe and almost the entire transect except for those from Sallent de Gállego and Escarrilla at its southern end. Another cluster was composed of the south and central Spanish populations, Escarrilla and populations from the Spanish Pyrenees outside the transect. The third cluster featured solely Sallent de Gállego samples. The distributions of infection proportions for the three clusters are shown in Figure 4 . Populations included in the northern pattern of infection showed a great predominance of uninfected individuals. In contrast, the most abundant category in the southern infection pattern was of F-infected individuals, and co-infected individuals were in the majority in the Sallent de Gállego pattern. B and F infection groups were similarly represented in northern and Sallent de Gállego populations (Mann-Whitney U-test: B-infected, U ¼ 45, P ¼ 0.243; F-infected, U ¼ 38, P ¼ 0.126), that is, a slightly higher incidence of B infection and a much lower incidence of F infection than in the southern pattern. By contrast, the Sallent and southern patterns had a similar average proportion of uninfected individuals (Mann-Whitney U-test: uninfected, U ¼ 21, P ¼ 0.256) that was very low in comparison with the northern pattern (Figure 4 ).
Infection distribution in the hybrid zone
There was a change through the transect, from the northern infection pattern (from Gabas to Corral de   POR_04   TOU_05   SAB_04   ARU_03  REF_06  CA_03  POR_03  CA_06  POR_06  MC_02  TOU_06  ARU_06  CM_03  ING_02  CM_06  POR_02  HER_06  CM_05  HER_05  ARU_05  REF_05  GAB_02  GAB_03  GAB_06  GAB_05  POR_05  CA_05  SAL_03   SAL_05  SAL_06  SAL_02   SAL_04   ESC_06   SAB_06  BUB_04  BIE_05  NAV_05   BIE_06  ESC_05  BIE_04   ESC_03  ESC_02 Wolbachia infection of C. parallelus populations M Zabal-Aguirre et al Mulas) to the southern one (Escarrilla, see above), whereas a new pattern in Sallent de Gállego, with its own features, connected the northern and southern patterns ( Figure 5 ). Uninfected individuals were the predominant category from Gabas to Corral de Mulas (Figure 5a ), but their proportion began to fall between Corral de Mulas and Sallent de Gállego, where uninfected individuals made up only about 4% of the population. In Escarrilla, the uninfected class accounted for 23% of the individuals sampled. The incidence of the B-infection category (Figure 5b ) was around 6% in Gabas. This value was higher at L'Hermine, where the average was around 20%. Similar values were found until Sallent de Gállego. About 6% of individuals were B-infected in Escarrilla. The incidence of F infection (Figure 5c ) was very similar from Gabas to Sallent de Gállego, at around 10%, but the average reached 45% in Escarrilla. Co-infection was most common in Sallent de Gállego (Figure 5d ), where individuals harbouring both supergroup strains accounted for about 68% of the total. The average was lower towards the north and south (B12 and 26%, respectively).
Discussion
There were moderate to severe Wolbachia infections in the populations of pure and hybrid individuals of the grasshopper C. parallelus included in this study. Molecular screening of distinct samples showed variability in the 16S rDNA sequence of the Wolbachia gene, allowing us to distinguish two groups belonging to the B and F Wolbachia supergroups. The B supergroup strains are well characterized and are known to infect other arthropods. Their parasitic lifestyle often induces alterations in host reproduction, such as CI. However, F supergroup strains have been found in arthropods and nematodes, where their lifestyle and the effects on their Wolbachia infection of C. parallelus populations M Zabal-Aguirre et al hosts are uncertain (Werren, 1997; Lo et al., 2002; Rasgon and Scott, 2004; Casiraghi et al., 2005) . C. parallelus are often parasitized by nematodes and nematomorphs. Risk of contamination in our study was minimized using only the DNA from the gonads for PCR analysis.
No infection B infection F infection Coinfection
There were no sex-related differences in Wolbachia infection in the populations analysed, with the exception of two samples. An excess of infected females might be expected in the case of a system with male feminization, selective male killing or parthenogenetic effects produced by Wolbachia. Therefore, we conclude that this bacterium does not promote these effects in the populations of C. parallelus studied here. This is supported by direct observations in natural and laboratory populations of this grasshopper, where such effects have not been described in any previous study. Wolbachia infection appears not to show stable temporal trends in this species, but this might be expected as this bacterium seems to be affected by various temporal and environmental characteristics: infection density, temperature, immune defence of the host, seasonal and ecological factors, and so on (Werren, 1997; Serbus et al., 2008) . We recognize that, as these grasshoppers have an annual life cycle, we have not studied sufficient generations to be able to discern any clear trends due to bacterial effects amidst the relatively large and erratic shifts in infection proportions.
Infection incidence differs between Cpp and Cpe, but there are similarities within populations of the pure subspecies (locations outside the hybrid zone; Figure 1) . Thus, the infections observed in Cpp and Cpe, respectively, characterize a northern and a southern infection pattern (Figure 3) . We do not know whether this distribution is a consequence of a latitudinal gradient (reflecting those of humidity, temperature, insolation, etc.) or whether it is the consequence of independent infection events. We intend to investigate the origin of Wolbachia infection in these grasshoppers and to determine whether the infection arose before or after the geographical isolation of the taxa forming the hybrid zone; our current data do not enable us to draw any conclusions about this. However, given that Iberian Cpe and continental Cpp differ in Wolbachia infection pattern, we do not think it likely to be ancestral (that is, before divergence in allopatry), which makes it possible that it may have affected even the origin of the hybrid zone.
The populations from the hybrid zone describe a transitional route between the northern and southern infection patterns. However, the infection shifts were mainly found on the Iberian side of the Pyrenees, in the segment between Escarrilla and Corral de Mulas ( Figure 5 ). Furthermore, Sallent de Gállego is the place where both infection patterns coincide to generate a third pattern in which the level of co-infection was the highest recorded. As Wolbachia has maternally inherited transmission, the co-infection peak at Sallent de Gállego implies strong positive selection for individuals harbouring both bacterial supergroup infections. Co-infected females could have more viable offspring in a two-strain model with bidirectional CI, thus the proportion of coinfected individuals would increase generation after generation until the infection frequency reaches a stable equilibrium (see Frank, 1998 , for this and other hypotheses). This equilibrium is generated by two opposite forces: the fertility advantage of co-infected females and the cost to fecundity of being infected (Turelli, 1994) . Furthermore, co-infected females would only be favoured under specific conditions of infection frequencies. Those conditions could have prevailed in Sallent de Gállego but not in the rest of populations, where most individuals were characterized by the absence of infection or by infection with the F strain. This increase may also be explained by paternal and horizontal transmission but, although this has been described and cannot be definitively ruled out in this case, it is unlikely to be a sufficiently common event to explain the observed co-infection frequencies (Werren, 1997; Baldo et al., 2008; Serbus et al., 2008) .
The main aim of this study was to determine whether Wolbachia could contribute a role in the dynamics of the C. parallelus hybrid zone in the Pyrenees. It is difficult to predict what one might expect from Wolbachia following secondary contact. We have already noted the evidence from Nasonia of reproductive isolation among species driven by Wolbachia. In this case, other reproductive barriers also operate, indicating that simple hypotheses are not adequate to explain complicated interactions with selection operating on phenotypes resulting from nuclearnuclear, nuclear-cytoplasmic and cytoplasmic-cytoplasmic interactions Opijnen et al., 2005; Ellison et al., 2008; Oliveira et al., 2008) . The clinal distribution of Wolbachia strain infections along a northsouth gradient in the populations here studied and the overall decrease of the infection levels across this transect (Figure 1 ) are striking. Nevertheless, these alone are not evidence that Wolbachia acts as a reproductive barrier in this system, although it is very intriguing that the peak incidence of co-infection in Sallent de Gállego coincides with those of some cytogenetic markers described in previous studies (Gosálvez et al., 1988; Serrano et al., 1996) , which reported a shift from 100 to 0% in the frequency of a distal heterochromatic band in the X chromosome (Pband) characteristic of Cpp between Corral de Mulas and Sallent de Gállego. Another study proposed that there was an incompatibility between this P-band region and cytoplasmic factors presumed to be present in Cpe cells (Virdee and Hewitt, 1992) . If we assume preferential maternal inheritance of Wolbachia, the transmission of bacteria would be associated with the transmission of the cytoplasm and its factors from the mother. Some studies have shown that a Wolbachia-induced population sweep could reduce mitochondrial variability (Turelli et al., 1992; Dean et al., 2003) . Furthermore, the Sallent de Gállego coinfection peak could have brought about the near fixation of the Cpe cytotype in that population and might constitute a barrier to the introgression of Cpp traits, as suggested by the behaviour of the P-band in this Xchromosome. Further experiments will distinguish which of these hypotheses provides the best explanation of the patterns observed.
As stated above, in Nasonia standard forms of reproductive isolation do not preclude a role for Wolbachia as a strong reproductive barrier (Bordenstein et al., 2001) . Indeed, Wolbachia might even precede them, not discounting the possibility that once bidirectional CI and/or nuclear-cytoplasmic incompatibility due to Wolbachia has arisen, it could also affect those 'orthodox' mechanisms themselves, influencing patterns of nuclearnuclear incompatibility and mediating the selection against deleterious genotypes (D Shuker, personal com-munication). This is particularly relevant here as genetic variation in post-zygotic incompatibilities among C. parallelus subspecies was attributed to neutral alleles, or those nearly neutral against their own genetic background, that were responsible for incompatibilities and hybrid sterility (Shuker et al., 2005b) . This pattern might also be explained by Wolbachia acting as a reproductive isolating mechanism, or promoting nuclear-cytoplasmic interactions (see Bordenstein et al., 2003; Jaenike et al., 2006) .
In addition, asymmetrical homogamy has been observed in laboratory crosses involving sequential matings with males of both pure C. parallelus subspecies (Bella et al., 1992 ). An excess of pure-like descendants was obtained in crosses with Cpp mothers, whereas approximately equal proportions of pure and hybrid descendants were seen in crosses with Cpe mothers. The Cpp individuals used in these crosses were from Gabas, where currently 70% of the individuals are not infected, whereas Cpe grasshoppers were from Escarrilla, where 77% of individuals are currently infected. This excess of pure-like descendants may reflect Wolbachia-induced CI because of the crossing of infected Cpe males and uninfected Cpp females (assuming similar types and levels of Wolbachia infection).
Our results do not represent evidence that Wolbachia acts as a barrier to reproduction in the hybrid zone of C. parallelus, although overall they paint an intriguing picture that is consistent with such a possibility. Our continuing research includes a programme of crosses between infected and uninfected individuals from the hybrid zone, which should enable us to resolve this matter. We also hope to be able to determine the consequences of Wolbachia infection on reproduction in this grasshopper, its transmission rate and the correlations with other variables and traits (for example, mitochondrial phylogeography, chromosomal, morphometric and behavioural traits) involved in its hybrid zone.
Our results show the distribution of Wolbachia in this insect and reveal geographical patterns of distribution of the bacterial strains that may also appear in other organisms. This study also provides the first evidence of the hitherto undescribed presence of the Wolbachia F strain in orthopteroids and enables us to derive an informative new phylogenetic tree.
